The aryl hydrocarbon receptor (AHR) is a cytosolic transcription factor with numerous endogenous and xenobiotic ligands, most notably 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Recent data suggests that TCDD may induce regulatory T cells, while a second AHR ligand, FICZ, promotes Th17 differentiation. The aim was to examine whether injection of recipient mice with either TCDD or FICZ altered skin allograft rejection in a fully mismatched model. TCDD or FICZ was given to recipient C57BL/6 mice intraperitoneally (IP). Twenty-four hr later, donor skin was grafted from BALB/c mice. An additional dose of FICZ was given on day 3. Treatment with TCDD delayed graft rejection for more than 4 weeks while FICZ treatment accelerated rejection by 1 -2 days. In vivo exposure with TCDD led to a rise in the frequency of FoxP3 + CD4 + T cells in the spleen, while FICZ increased IL-17 secretion by splenocytes from treated animals. Activation of the AHR receptor by different AHR ligands in vivo resulted in opposing effects on skin graft survival. AHR serves as a sensor to environmental signals, with effects on the acquired immune system that may alter outcomes after organ transplantation. This model will be useful to further delineate direct effects of the environment on the immune system and outcomes of organ transplantation.
INTRODUCTION
The aryl hydrocarbon receptor (AHR) is best known as the receptor for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, dioxin), a potent environmental toxicant. Activation of the AHR leads to hepatocellular damage, thymic involution, cancer, and immunosuppression (Schmidt et al. 1993) . The AHR also has a role in normal organ development, as the AHR null mouse (AHR −/− ) has phenotypic abnormalities in hepatic vascular development (Schmidt et al. 1996) . There are many known ligands of the AHR in addition to TCDD, including 6-formylindolo [3,2-b] carbazole (FICZ) . This ligand is formed by exposure of tryptophan (Trp) to UVB light (Fritsche et al. 2007 , Rannug et al. 1995 . It was proposed that skin exposure to excessive sunlight leads to tryptophan metabolism to FICZ and other photoproducts, that ultimately activate the AHR in cells present in the dermis (Diani-Moore et al. 2006 , Jux et al. 2011 , Nair et al. 2009 ).
Recently, data emerged indicating a strong role for the AHR in T-cell differentiation. Quintana et al. (2008) demonstrated that activation of the AHR by TCDD leads to the differentiation of naïve CD4 + T cells into FoxP3 + regulatory T cells (Tregs). Veldhoen et al. (2008) showed that AHR activation via FICZ enhanced the differentiation of naïve CD4 + T cells into Th17 cells. Activation of the AHR in vivo by TCDD reduced the severity of disease in the experimental autoimmune encephalitis (EAE) model of multiple sclerosis, while treatment with FICZ increased the severity of disease.
Several reports described the capacity of AHR ligands to alter the phenotype of dendritic cells (DC) (Nguyen et al. 2010 , Quintana et al. 2010 , Simones and Shepherd 2011 . Recent studies suggested that AHR may lead to an up-regulation of indoleamine 2,3-dioxygenase (IDO) (Bankoti et al. 2010 , Jux et al. 2009 , Mezrich et al. 2010 , Vogel et al. 2008 . IDO is the rate-limiting enzyme controlling degradation of Trp along the kynurenine pathway (Jux et al. 2009, Mellor and Munn 2004) . IDO is present and active in subsets of DC, and thought to be central to the mechanism responsible for the generation of Tregs during DC-T cell interactions (W. Chen et al. 2008, Mellor and Munn 2004) . The exact cellular pathway by which IDO leads to Tregs has been debated; both Trp starvation and direct effects of Trp metabolites were proposed (Fallarino et al. 2006 , Frumento et al. 2002 , Terness et al. 2002 .
Based on these effects on immune cells, it was hypothesized that ligands of the AHR might alter graft survival after transplantation. Skin transplantation was utilized as a well-defined model to assess rejection and the effects that AHR ligands exert on transplant survival compared to controls.
Methods and Material

Animals
Six to 12 week old male C57BL/6J (B6; H-2 b ) and BALB/c (H-2 d ) mice weighing 20-30 grams were obtained from The Jackson Laboratory (Bar Harbor, ME). AHR-null mice on a C57BL/6J background (Schmidt et al. 1996) were bred and maintained under specific pathogen-free conditions. Animal experiments were carried out according to institutional guidelines.
Skin Transplantation
Full-thickness skin derived from Balb/c or C57BL/6J donor mice was transplanted on the dorsal area of C57BL/6J recipient. Necrosis of ≥ 80% of the transplanted skin surface was considered rejection, and all assessments were performed by blinded observers. In the first experiment, 4 groups of wild-type B6 mice underwent skin transplantation: untreated syngeneic group, untreated allogeneic group, and a syngeneic and allogeneic group treated with a single intraperitoneal (ip) injection of TCDD at 50 µg/kg on post-operative day 1 (POD-1). For the second experiment, there were 4 conditions: allogeneic graft on untreated mice (n=7), allogeneic graft on FICZ-treated mice (Sigma, St. Louis, MO) (ip, 100 µg/kg on POD -1 and 4) (n=12), allogeneic graft on DMSO-treated mice (diluent for FICZ IP, POD -1 and 4) and allogeneic graft on AHR-nulls (n=6). All mice were anesthetized for bandage removal on POD 6. Dosing regimens were based on previous experiments in experimental autoimmune encephalomyelitis (EAE) (Quintana et al. 2008 , Veldhoen et al. 2008 , and on knowledge of the rapid metabolism of FICZ and minimal metabolism of TCDD (Johnson et al. 1992 , Wei et al. 2000 . Graft survival for untreated mice and mice receiving diluent alone were not significantly different.
Histology
All skin grafts were harvested after euthanizing the recipient mouse when specified. Skin tissue was fixed in 10% formalin, embedded in paraffin, cut into 5 µm of sections and stained with hematoxylin and eosin.
Flow Cytometry Analysis of Lymphocytes
Spleen, axillary lymph node, thymus and blood were harvested from mice at the time of euthanasia. Lymphocytes were stained with antibodies: CD3 (145-2C11), CD25 (PC61.5), Foxp3 (FJK-16s) (eBioscience, San Diego, CA); Ki67(B56), CD4 (RM4-5), CD8(53-6.7) (BD Biosciences). For intracellular staining of Foxp3 and Ki67, cells were first surface stained and then fixed and permeabilized with the fixation/permeabilization buffer (eBioscience). Acquisition was done on a FACS Caliber or LSR II (BD Biosciences).
Isolation and differentiation of bone marrow-derived DCs
Isolation of murine bone marrow-derived DC (BMDC) was performed as previously described (Mezrich et al. 2010) . Greater than 80% of the cell population stained positive for CD11c by flow cytometry.
Real-time quantitative PCR
Total RNA was extracted using RNeasy Mini Kits and RNase-Free DNase Sets (Qiagen, Valencia, CA). A total of 500 ng total RNA in each group was used for RT reaction (iScript cDNA Synthesis Kit, Bio-Rad, Hercules, CA; or High-capacity cDNA Reverse Transcription Kits, Applied Biosystems, Foster City, CA). The relative quantitation PCR for IDO1 (Mm00492586-m1) and GAPDH (4352339-E0806018), and performed in the Applied Biosystems 7900HT Fast Real-Time PCR System, and TaqMan Universal PCR Master Mix used as a reaction reagent. The relative quantitation PCR for Foxp3, Cyp1a1, Cyp1b1, TGF-β1, and GAPDH were processed by the Bio-Rad iCycler and iQ SYBR Green Supermix was used as the reaction reagent.
Isolation of naive CD4 + T cells and T cell differentiation
Naive CD4 + T cells were isolated using the CD4 + CD62L Isolation Kit (Miltenyi Biotec, Auburn, CA) and an autoMACS. For quantitative PCR (qPCR) analysis, 2-5 × 10 5 cells were cultured in each well of a 96-well round-bottom plate coated with 0.5 µg/ml anti-CD3 and anti-CD28 overnight and then washed with PBS twice before seeding the cells. The naive T cells were maintained in F10 media and were treated with 10 nM TCDD, 100 nM FICZ or 2-10 ng/ml TGF-β (as specified). After 5 days, the cultured cells were harvested for qPCR assay.
pDC/T cell coculture
Naive CD4 + CD25 − T cells were isolated from WT and AHR-null mice and cocultured with BALB/c pDC isolated using the Miltenyi Mouse pDC Isolation Kit (Miltenyi Biotec) at a ratio of 20:1 or 10:1 as previously described (Mezrich et al. 2010) . TCDD (10nM) OR FICZ (100nM) were added at the start of culture. On day 5, cells were harvested and subjected to qPCR analysis.
Statistics
Statistical differences of skin graft survival data was determined using by the Kaplan-Meier analysis. Two-way ANOVA with Bonferroni post-ANOVA testing was used for all other statistical analysis. Statistical significance was defined as a p value of < 0.05. Data are showed as Mean ± Standard Deviation. All statistical analysis was performed using Prism 5 software (GraphPad, San Diego, CA).
RESULTS
A single dose of TCDD delays rejection of fully mismatched skin grafts
Utilizing the Balb/c (H-2 d ) to C57BL/6 (H-2 b ) model of skin allograft transplantation, six B6 recipient mice were given a single dose of TCDD one day prior to transplant and were then euthanized on post-operative days (POD) 10 or 16, or at the time of rejection ( Figure  1A ). Compared to untreated (median GST=10 days), no graft loss from rejection was seen in the TCDD-treated group in the first 30 days post-transplant. This difference was found to be statistically significant ( Figure 1B ). Gross examination of skin grafts from TCDD-treated mice revealed viable skin with hair growth through POD 29 (Supplemental Figure 1) . Histological examination at POD 10 and 16 revealed evidence of a cellular infiltrate indicating mild cellular rejection in the viable skin of the TCDD-treated mice ( Figure 1C ). In contrast, skin grafts from untreated mice exhibited significant necrosis with severe mononuclear cellular infiltrate on POD 10 and were fully necrotic on POD 16.
To understand a possible mechanism of skin graft prolongation, splenic T cells were analyzed on POD 10 by flow cytometry. Elevated levels of FoxP3 + CD4 + T cells were present in mice treated with TCDD, independent of whether the animal had received a syngeneic or an allogeneic skin graft ( Figure 1D ) (E). A similar result was noted in mice treated with TCDD without skin grafts. Expression of FoxP3 was found to be elevated 7 days after TCDD treatment in the spleen, lymph node, thymus and blood compared to untreated mice (Supplemental Figure 2) . The marker Ki67 was also used as an indicator of T-cell proliferation in vivo. Both treated and untreated mice receiving allogeneic skin grafts had higher levels of Ki67 expression in both CD4 + and CD8 + T-cell subsets compared to syngeneic recipients ( Figure 1E ). TCDD treatment resulted in suppression of Ki67 expression in CD8 + T cells compared to untreated controls, while in CD4 + T cells the effect was not significant.
Exploration of a possible mechanism behind TCDD-mediated allograft prolongation
Naïve CD4 + T cells from the spleens of B6 mice or AHR −/− mice were stimulated with soluble CD3 and CD28 antibodies in RPMI for 5 days in the presence of TCDD, FICZ or TGF-β. At the end of the culture period, cells were harvested and RNA was extracted for analysis of FoxP3 expression by qPCR. In contrast to cells activated in the presence of TGF-β, naïve T cells activated in the presence of TCDD or FICZ did not demonstrate a significant change in FoxP3 expression (Figure 2A) . AHR −/− T cells showed less FoxP3 upregulation with TGF-β, and no change with either TCDD or FICZ. This requirement of AHR expression for optimal FoxP3 expression by TGF-β speaks to the important role of the AHR in T-cell differentiation, and was further characterized in a previous publication (Mezrich et al. 2010 ).
To determine IDO expression in DC, BMDC from either B6 or AHR −/− mice were placed in culture in the presence of IFN-γ, the TLR9 ligand CpG, TCDD or FICZ. After 5 days of culture, cells were harvested and RNA was analyzed for IDO mRNA expression. Data demonstrated that IFN-γ led to IDO induction in both AHR −/− and wild-type cells ( Figure 2B ). In contrast, TCDD and FICZ both resulted in IDO induction in BMDC of B6 mice but not from AHR −/− mice.
Utilizing an in vitro system, naive CD4 + T cells were isolated from B6 splenocytes and then stimulated by pDC, which were isolated from spleen of BALB/c mice. This model was previously shown to generate Tregs in an IDO-dependant manner (W. Chen et al. 2008 ).
After 5 days of culture in the presence of TCDD, FICZ or vehicle, cells were harvested and RNA was analyzed for CYP1A1 (a marker of AHR activation), IDO, FoxP3 and TGF-β mRNA expression. As expected, the addition of either TCDD or FICZ led to CYP1A1 upregulation (data not shown). Furthermore, the presence of TCDD in the co-culture led to upregulation of both IDO and FoxP3, but FICZ did not ( Figure 2C ). TCDD did not significantly up-regulate TGF-β mRNA levels (data not shown).
FICZ accelerates fully mismatched skin graft rejection in mice
B6 recipient mice were treated with FICZ IP on POD -1 and 4 and compared to animals that received no treatment or DMSO-treated controls. Animals were followed and sacrificed when the grafts were deemed fully rejected. As seen in the survival curve ( Figure 3A ), mice treated with FICZ experienced accelerated rejection compared to control animals. There was no marked difference between control groups. This was demonstrated in the pathology ( Figure 3B ) showing a rejected skin graft from a recipient mouse treated with FICZ on POD 9 which is contrasted with control that indicated some viable skin at this time point. Cytokine expression of recipient splenocytes (POD10) following a 3-day stimulation with irradiated-syngeneic or allogeneic splenocytes revealed less expression of IFN-γ but greater expression of IL-17 in the culture supernatant from splenocytes of FICZ-treated recipients ( Figure 3C ).
AHR −/− mice do reject fully mismatched skin grafts
AHR −/− mice on a B6 background were recipients of Balb/c skin grafts and graft survival was compared to wild-type recipients, all with no treatment. As seen in Figure 4A , while the nulls seemed to trend towards numerically longer survival, this did not reach significance, and ultimately their mean rejection times in this fully-mismatched model were not significantly different than controls. Histological examination on POD 9 showed mild cellular infiltrate with viable skin ( Figure 4B ) while histology on POD 13 demonstrated complete rejection (data not shown). Flow cytometric analysis of splenocytes isolated on POD 10 revealed that AHR −/− recipients had less proliferation in vivo of both CD4 + and CD8 + T cells ( Figure 4C ). Stimulation of AHR −/− splenocytes with irradiated Balb/c splenocytes resulted in significantly less IFN-γ in culture supernatants compared to wildtype mice ( Figure 4D ). IL-17 secretion, although quantitatively less, was not significantly decreased.
DISCUSSION
This study confirmed that TCDD treatment prolongs fully mismatched skin grafts, possibly by enhancing the Treg response via IDO up-regulation. In contrast, treatment with FICZ accelerates skin graft rejection. This represents one of the first examples highlighting the complex nature of the interaction between the AHR and the immune response to alloantigens. Previous data indicated that TCDD treatment enhanced Treg induction in vivo (Quintana et al. 2008) . The increase in FoxP3 + T cells in vivo following TCDD treatment was seen in animal models of Crohn's disease (Benson and Shepherd 2010) , diabetes (Kerkvliet et al. 2009 ) and uveoretinitis . TCDD alone in vitro did not influence differentiation of naïve T cells with antibody stimulation in the study, but required the presence of DC to enhance Treg development. This may be secondary to IDO generation by the DC in response to activation of the AHR in these cells. Previously, Mezrich et al (2010) showed that kynurenine, an AHR ligand, led to Treg generation from naïve T cells directly, in an AHR-dependent fashion, which was enhanced with the presence of DC. Fallarino et al (2006) previously noted that kynurenine resulted in generation of Tregs from naïve T cells as long as low Trp media was utilized, but not when higher Trp media was used. It may be that when high levels of Trp are present, it is preferentially taken up by the T cell via a transporter that exchanges Trp and kynurenine, preventing adequate kynurenine to enter the cell and interact with the AHR. This competitive uptake was proposed in previous studies examining L-amino acid transporters (Kaper et al. 2007 , Nii et al. 2001 ). In this model, when DC are present to generate IDO, DC metabolize and deplete the Trp, allowing kynurenine to enter the T cell and enhance Treg generation. When DC are not present and high-Trp media is used, the effect of kynurenine on T cells is mitigated. TCDD generates IDO in DC via the AHR, and this may drive the DC-dependent Treg differentiation in response to this toxicant.
A single receptor controlling the generation of Treg, or alternatively Th17 cells, would be beneficial physiologically because in the setting of an immunologic insult in an organism, as the balance of inflammatory cytokines and AHR ligands increased, more Th17 cells would be generated, and at the same time fewer Tregs, allowing the inflammatory response needed to control the insult. Once the situation is controlled, the balance needs to shift, favoring differentiation of regulatory over effector cells and dissipation of the immune response. The above discussion relates to the endogenous role of the AHR during an immune response. In addition, the AHR clearly has a role in responding to environmental exposures and toxicants, and it contains a PAS protein domain, a family of proteins that has evolved to respond to environmental signals (Taylor and Zhulin 1999) . It is possible this receptor may be a sensor for various environmental exposures, many of them harmful. Its activation leads to transcription of cytochrome P450 enzymes, which serve to metabolize many of these ligands, to minimize their toxicity and protect the host organism. TCDD and kynurenine led to an enhancement of regulatory T cells, and only FICZ enhanced Th17 development. Attempts over the last couple of years to identify other ligands that also enhance Th17 differentiation were without success. More recently evidence indicates that FICZ, which is generated by UV light exposure in skin, might itself be a signal of environmental exposure to excessive, harmful sunlight. This compromises mucosal defenses and natural immunity, allowing invasion by endogenous bacteria that normally are not pathogenic. For this reason, a link between AHR, which senses these environmental signals, and the acquired immune system, might provide an evolutionary advantage. Specifically, activation of the AHR by pathogenic toxicants results in an increase in Th17 cell differentiation to help compensate for decreased mucosal immunity and susceptibility to endogenous infectious agents in these areas. The exposure to additional environmental factors like diesel exhaust, urban dust, and cigarette smoke, all of which have components (polycyclic aromatic hydrocarbons, PAH) that activate the AHR, compromise mucosal defenses and natural immunity in the lung, a location that contains endogenous bacteria that normally are not pathogenic. There have been reports of exposing murine lungs to mixtures including PAH. In one study, urban dust particles collected and injected intratracheally in mice (Saunders et al. 2010 ) demonstrated that the ensuing airway hyperresponsiveness was (1) lymphocyte dependent, (2) there was recruitment of CD4 + T cells to the airways, and (3) high levels of Th17-associated cytokines were identified in bronchoalveolar lavages. In a second study, cigarette smoke extract favored Th17 differentiation in naïve T cells, both in vitro and in vivo, in an AHRdependent manner (K. Chen et al. 2011 ).
While the above discussion suggests that the relationship between the acquired immune system and the AHR is of evolutionary benefit, in the unique circumstance of organ transplantation this relationship might serve as a detriment, with various environmental exposures leading to increased rejection. Further investigations on the role that environmental ligands might play in graft survival after transplantation are planned. Pinpointing specific exposures that may already be leading to loss of transplanted organs, may help design new strategies in the form of avoidance or drugs targeting the AHR to improve transplant outcomes.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Actions of AHR activation by TCDD and FICZ in vitro. (A) Naive B6 T cells were cultured with CD3 and CD28 mAB alone or in the presence of either TGF-β (4ng/ml), TCDD (10nM) or FICZ (100 nM). mRNA was isolated on day 5 and qPCR was performed. Expression of FoxP3 was measured in treated cells relative to untreated cells. (B) BMDC were generated from the bone marrow of B6 mice. Cells were harvested on day 6 as immature BMDC. BMDC were then cultured alone or in the presence of IFN-γ (100ng/ml), CpG (1µM), TCDD (10nM) or FICZ (100nM). After 2 days, mRNA was isolated and qPCR was used to assay for the expression of IDO1 in treated BMDC versus untreated BMDC. (C) Naive CD4 + CD25 − T cells were isolated from B6 splenocytes and co-cultured with pDC isolated from Balb/c mice at a 10:1 T cell to pDC ratio alone or in the presence of TCDD (10nM) Treatment with FICZ accelerates Balb/c skin graft rejection in C57BL/6 mice. (A) C57BL/6 mice (n=12) were treated with FICZ one day prior to and 4 days after receiving a Balb/c skin graft. Treatment with FICZ (Median survival time (MST = 8) skin graft rejection compared to untreated mice (n = 7; MST = 11; p < 0.05) or diluent-treated mice (n=5; MST = 11; p<0.05). (B) Skin allografts taken from untreated or FICZ-treated recipient mice on POD 9 were stained for histological examination using a standard H&E protocol. Transplanted skin is designated by A and native skin is designated by B. Necrotic skin from FICZ-treated mice represents rejected graft while the scab on the untreated graft is superficial to viable epithelium. (C) Splenocytes from naïve mice, untreated mice receiving a Balb/c skin graft and FICZ-treated mice receiving a Balb/c skin graft were stimulated in vitro for 3 days with irradiated B6 or Balb/c splenocytes. Culture supernatants were harvested and IFN-γ and IL-17 concentration was measured by cytokine bead array. Lack of AHR expression does not significantly alter Balb/c skin graft survival in C57BL/6 mice. (A) AHR −/− mice with a C57BL/6 background (n=8) received a Balb/c skin graft and the MST was 12.5 days. (n = 7; MST = 11). (B) Skin allografts taken from wild-type B6 or AHR −/− recipient mice on POD 9 were stained for histological examination using a standard H&E protocol. (C) Splenocytes were isolated from B6 wild-type or AHR −/− mice recipients of allogeneic skin grafts on POD 9. The % CD4 + T cells positive for FoxP3 and Ki67 and % of CD8 + T cells positive for Ki67 were determined by flow cytometry. (D) Splenocytes from naïve mice, B6 wild-type mice receiving a Balb/c skin graft and AHR −/− mice receiving a Balb/c skin graft were stimulated in vitro for 3 days with irradiated B6 or Balb/c splenocytes. Culture supernatants were harvested and IFN-γ and IL-17 concentration was measured by cytokine bead array. DC/T cell interactions in T-cell differentiation. IFN-γ or AHR ligand leads to IDO upregulation in DC, which generate other ligands (kynurenine) that activate the AHR in T cells enhancing Treg differentiation. In DC that have little to no IDO activity, ligands like FICZ are produced, favoring TH17 differentiation.
